Introduction
============

Angiogenesis is recognized as one of the hallmarks of cancer and essential for both tumor growth and metastasis [@B1], [@B2]. Hepatocellular carcinoma (HCC) is a hypervascular tumor with frequent intrahepatic and extrahepatic metastasis, which is responsible for the high recurrence rate and poor prognosis of HCC [@B3]-[@B5]. Therefore, anti-angiogenesis has been considered as an attractive therapeutic strategy for HCC.

The involvement of proangiogenic molecules, such as VEGF, VEGF-C/VEGFR3, Ang2/Tie2, in cancer development have been previously described [@B6]. However, the molecular mechanisms of tumor angiogenesis in HCC is yet to be fully elucidated. Currently, targeted agents including sorafenib, regofenib and lenvatinib, are being used for HCC treatment [@B7]. Of the multiple effects on tumors, the anti-angiogenic effect is fundamental to the clinical benefits of targeted therapies. Moreover, the combination of anti-angiogenic agents and immunotherapies could significantly improve tumor response rates [@B8]. Thus, anti-angiogenic treatment is indispensable for HCC patients. The molecular mechanisms of HCC angiogenesis are under urgent need to be investigated.

MicroRNAs (miRNAs) are evolutionarily conserved small non-coding RNAs and are involved in nearly every biological process by targeting mRNAs for cleavage or translational repression. Emerging evidence indicates that the dysregulation of miRNA is directly implicated in the process of angiogenesis. For example, miR-93, miR-135b, and miR-205 exert pro-angiogenesis effects through the suppression of integrin-β8 [@B9], HIF-1 [@B10], and PTEN [@B11], respectively. On the other hand, miR-145, miR-15a/16, and miR-4306 exert an anti-angiogenesis activity by suppressing the expression of p70S6K1 [@B12], VEGFA [@B13], and SIX1/Cdc42/VEGFA [@B14], respectively. Our previous study revealed that miR-130b-3p was up-regulated in HCC [@B15], however, its role in the regulation of tumor angiogenesis for HCC is still unclear.

HOXA5, a member of the HOX family, contains a conserved DNA binding domain, known as the homeobox-containing domain. The HOX family contains 39 HOX genes that are classified into four clusters namely A to D [@B16]-[@B18]. Transcription factors encoded by the homeobox genes have a pivotal role in governing the process of tumor angiogenesis. Previous studies have indicated that HOXB9 promotes tumor cell proliferation and angiogenesis in breast cancer and is associated with poor clinical outcomes [@B19], [@B20]. Overexpression of HOXC10 promotes angiogenesis in human glioma by interacting with PRMT5 [@B21]. The overexpression of HOXB13 was shown to be correlated with angiogenesis and poor prognosis in pancreatic carcinoma [@B22]. However, the function of HOXA5 in HCC is still unclarified.

In this study, we demonstrated that HOXA5 was an HCC tumor suppressor. Its dysregulation was critical to enhance the angiogenic phenotype of HCC. Furthermore, HOXA5 was identified as an important prognostic predictor and could be a potential therapeutic target for treating HCC.

Methods
=======

Human tissue specimens
----------------------

All patients included in the present study underwent an initial surgical treatment at the Sun Yat-sen University Cancer Center (SYSUCC; Guangzhou, China), none of them received any local or systemic anticancer therapies before surgical resection, and no postoperative anticancer treatments were administered before any identified relapse. The diagnosis of all cases was confirmed pathologically based on the terminology criteria established by the International Working Party.

The studied patients were classified into 2 cohorts. Cohort 1 comprised of archived paraffin-embedded pathological specimens from 107 consecutive HCC patients who received treatment between July 2003 and July 2007. Cohort 2 comprised of a separate set of 449 HCC patients who were treated between December 2003 and May 2015. All patients\' data were marked as anonymous prior to analysis.

Clinicalpathological characteristics are presented in [Table S1](#SM0){ref-type="supplementary-material"} and [Table S3](#SM0){ref-type="supplementary-material"}, respectively. Written informed consent was obtained from each patient. The study was approved by the Institute Research Ethics Committee at the Cancer Center.

Preparation of tumor cell-conditioned medium (TCM)
--------------------------------------------------

Stably-transfected tumor cells (3×10^6^) were seeded in a 10 cm dish and incubated for 48 h, after which the medium was removed and the cells were washed thrice with 1 × phosphate -buffered saline (PBS). All cells were then cultured in 10 mL serum-free medium (SFM) for 24 h. Following the incubation period, the TCM was collected and centrifuged at 3000 rpm (4 °C, 5 min) to remove detached cells and was then filtered through a 0.45 μm membrane (Millipore) to discard cell debris. The TCM supernatant was concentrated to 200 μL by ultrafiltration with the use of a Millipore 3 kDa Centricon column. The TCM was stored in aliquots at -80 °C until use. The TCM loading volume was adjusted according to the number of living cells in each sample.

Capillary tube formation assay
------------------------------

HUVECs (2.4×10^4^) were grown in the TCM for 12 hours at 37 °C in a 48-well plate coated with Matrigel (354230, Corning). The formation of capillary-like structures was captured by a light microscope. The branch points of the formed tubes, which represented the ability of angiogenesis, were counted in three low-power fields (100×).

Chicken chorioallantoic membrane (CAM) assay
--------------------------------------------

CAM assay was performed according to a protocol previously described [@B23]. Briefly, a 1-cm-diameter window was opened in the shell of each egg with a 7-day-old chicken embryo (Yueqin Breeding Co.). The surface of the dermic sheet on the floor of the air sac was removed to expose the CAM. First, a 0.5-cm-diameter filter paper was placed on top of the CAM, and 200 μL of TCM was added onto the center of the paper. After the window was closed with sterile adhesive tape, the eggs were incubated at 37 °C under 80% relative humidity for 48 h. Following fixation with a stationary solution (methanol/acetone, 1:1) for 15 min, the CAMs were cut and mounted on slides. Gross photos of each CAM were taken under a digital camera. The effect of TCM was evaluated by counting the number of second-and third-order vessels.

*In vitro* cell migration assay
-------------------------------

*In vitro* cell migration assays were performed in Transwell chambers (8 µm pore size; Costar) according to the manufacturer\'s instructions. 2×10^4^ cells were placed into the top chamber of each insert (BD Biosciences) and were incubated at 37 °C for 8 h.

Cell proliferation assay
------------------------

Two experiments were performed to analyze the proliferation of HUVECs. In the CCK-8 assay, HUVECs cells were seeded at 500 cells per well in 96-well microplates for 12 h and then, the complete medium was replaced with TCM and cultured for the indicated hours. Cell proliferation was measured using the Cell Counting Kit-8 (CCK-8) assay kit (Dojindo Corp.) according to the manufacturer\'s instructions. In another proliferation assay, HUVECs (6×10^5^) were grown in complete medium for 12 h at 37 °C in a 6-well plate, and then replace the complete medium with TCM and cultured for another 24 h. The cells were trypsinized and counted using the Scepter^TM^ Handheld Automated Cell Counter (Millipore). Three independent experiments were performed for this step.

Animal studies
--------------

Five-week-old male nude mice were used for subcutaneous xenograft model. Hepatoma cells were suspended in 50 µL of Dulbecco\'s Modified Eagle Medium (DMEM) and Matrigel (1:1), and were then injected subcutaneously into either side of the posterior flank of the same male BALB/c athymic nude mice. Eight nude mice were included and their tumor growth was examined during the following 30 days. The mice were sacrificed and the tumors were dissected, fixed in formalin, and embedded in paraffin. All experimental procedures involving animals were performed according to the *Guide for the Care and Use of Laboratory Animals* (NIH publications Nos. 80-23, revised 1996), and in accordance with the institutional ethical guidelines for animal experiments.

Luciferase reporter assay
-------------------------

To explore the effect of miR-130b-3p on the HOXA5 3\'-UTR, HEK293T cells in a 6-well plate were co-transfected with 10nM of miR-130b-3p or NC duplex, 1 µg pEZX-HOXA5-3\'-UTR-WT or pEZX-HOXA5-3\'-UTR-MUT and cultured for 24 h. The cells were then trypsinized and transferred to a 96-well plate. After 24 hours, a luciferase reporter assay was performed following the manufacturer\'s instructions. Renilla luciferase activity was normalized to firefly luciferase activity.

To dissect the promoter region of miR-130b-3p, Huh7 and MHCC-97H cells were transfected with firefly luciferase reporter plasmids in a 48-well plate. To explore the effect of Sp1 knockdown on the miR-130b-3p promoter activity, Huh7 and MHCC-97H grown in a 48-well plate were co-transfected with siSp1 duplex and firefly luciferase reporter. Cell lysates were collected 48 h after the transfection and were subjected to luciferase activity assays using the luciferase reporter system (Genecopoeia). The data are presented as the mean ± standard error of the mean (SEM) from at least three independent experiments.

RNA isolation, quantitative real-time PCR, and western blot
-----------------------------------------------------------

Total RNA was extracted from the HCC tissues and cell lines using Trizol reagent kit (Life Technologies, Carlsbad, CA). After treatment with DNase I (TaKaRa, Dalian, China), 2 µg of total RNA was used for cDNA synthesis with random hexamers and Superscript III (Invitrogen). The cDNA templates were subjected to PCR amplification.

qRT-PCR analysis of miR-130b-3p was performed on an ABI PRISM 7900 Sequence Detector using an SYBR Green PCR Kit (Applied Biosystems, Carlsbad, CA). The following primers were used for detection: HmiRQP0159 for miR-130b-3p, HmiRQP9001 for U6 (Genecopoeia, Guangzhou, China). All reactions were run in triplicate. The cycle threshold (Ct) values should not differ more than 0.5 among triplicates. The miR-130b-3p level was normalized to RNU6B, which yielded a 2^-\ ΔΔCt^ value.

Equal amounts of cell protein lysates were separated in 10% SDS-polyacrylamide gels and electrophoretically transferred to polyvinylidene difluoride membranes (Millipore), then detected with rabbit polyclonal antibody specific for HOXA5 (Sigma-Aldrich) and a commercial ECL kit (Pierce). Protein loading was estimated using a mouse anti-β-actin monoclonal antibody (Sigma-Aldrich).

Immunohistochemical staining
----------------------------

Paraffin-embedded tissue sections from nude mice or HCC patients were applied to IHC using a rabbit Ab against human CD31 (cat. ab28364, Abcam), CD34 (cat. ab81289, Abcam), VEGF (cat. ab46154, Abcam) or HOXA5 (cat. HPA029319, Sigma-Aldrich), respectively. Immunoreactivity for VEGF and HOXA5 proteins was scored using a semi-quantitative method by evaluating the number of positive tumor cells over the total number of tumor cells. Scores were assigned by using 5% increments (0%, 5%, 10% till 100%), as described in a previous study [@B24]. Any discrete cluster or single cell stained for CD31 or CD34 was considered as one microvessel. Five representative fields were counted, and the average number of microvessels per field (×200) is presented [@B25].

Chromatin immunoprecipitation (ChIP) assay
------------------------------------------

ChIP was performed using the SimpleChIP Enzymatic Chromatin IP kit (Cell Signaling Technology). HCC cells were crosslinked with formaldehyde, lysed with SDS buffer followed by ultrasonication, then, incubated with specific antibodies or normal mouse IgG. After washing with high salt and low salt, DNA was eluted and de-crosslinked, and enrichment was examined using PCR.

Statistical analysis
--------------------

Survival curves were computed using the Kaplan-Meier method and analyzed by the log-rank test. Significant prognostic factors found by univariate analysis (p \< 0.05) were entered into a multivariate analysis using the Cox proportional hazards model. The Fisher test was used to analyze the association of HOXA5 expression with the investigated patients\' clinicopathological factors. The Student *t* test or the Mann-Whiney *U* test was used to compare the values between subgroups. Data were expressed as mean ± SD. The program Statistical Package for Social Science version 22 (SPSS Inc., Chicago, IL, USA) and R statistical package (R software version 3.4.1; R Foundation for Statistical Computing, Vienna, Austria) was used for all analyses. A p value \< 0.05 was considered statistically significant.

Results
=======

miR-130b-3p is upregulated in HCC and predicts poor prognosis
-------------------------------------------------------------

Using miRNA microarray, we found that miR-130b-3p was up-regulated in HCC [@B15]. To validate the expression of miR-130b-3p, we quantified the level of miR-130b-3p in 107 paired HCC and adjacent non-tumor liver tissues (Cohort 1). Notably, the expression of miR-130b-3p in HCC was markedly increased, compared with adjacent non-tumor liver tissues (p \< 0.001) (Figure [1](#F1){ref-type="fig"}A). Moreover, the expression of miR-130b-3p in patients with recurrence was higher than those without recurrence (p \< 0.001) (Figure [1](#F1){ref-type="fig"}B).

Next, we investigated whether the overexpression of miR-130b-3p in HCC tissue correlated with the clinicopathological features and prognosis of the HCC patients. An association between the increased miR-130b-3p expression and increased tumor size was observed ([Table S1](#SM0){ref-type="supplementary-material"}). The Kaplan-Meier analyses revealed that higher miR-130b-3p level was associated with both shorter overall survival and recurrence-free survival of the HCC patients (p = 0.037 and 0.001, respectively) (Figure [1](#F1){ref-type="fig"}C-D), and was also confirmed using the TCGA cohort and GEO data set (GSE116182) (p = 0.018 and 0.004, respectively) (Figure [1](#F1){ref-type="fig"}E-F). Notably, multivariate analyses confirmed that overexpressed miR-130b-3p level was an independent predictor for both shorter RFS and OS in HCC patients (p \<0.001 and p = 0.047, respectively) ([Table S2](#SM0){ref-type="supplementary-material"}). Collectively, these data suggest that an overexpression of miR-130b-3p may contribute to the progression of HCC and predict poor prognosis of HCC patients.

miR-130b-3p enhances the capacity of liver cancer cells to promote angiogenesis
-------------------------------------------------------------------------------

To evaluate the role of miR-130b-3p in the angiogenesis of HCC, *in vitro* capillary tube formation assay and chicken chorioallantoic membranes (CAMs) assay were performed. Huh7 and BEL-7402 with low endogenous miR-130b-3p expression were stably transfected with miR-130b-3p ([Figure S1](#SM0){ref-type="supplementary-material"}A-B). The conditioned medium of stable cell lines was collected and supplied to the culture medium for HUVECs. We observed that HUVECs cultured with the conditioned medium derived from the miR-130b-3p overexpressed cell lines developed more capillary-like structures and branch points; implying the pro-angiogenesis function of miR-130b-3p in HCC (Figure [2](#F2){ref-type="fig"}A). Besides, the CAMs assay also revealed that ectopic expression of miR-130b-3p strongly facilitated the formation of second- and third-order micro-vessels (Figure [2](#F2){ref-type="fig"}B). Moreover, we observed that the TCM of miR-130b-3p- transfectants could promote HUVECs proliferation (Figure [2](#F2){ref-type="fig"}C). Finally, the angiogenesis related genes, including MMP9, FGF2, VEGFA, VEGFC, PDGFA and PDGFC, were found to be upregulated in miR-130b-3p overexpressed HCC cells (Figure [2](#F2){ref-type="fig"}D). On the other hand, HUVECs treated with the TCM of anti-miR-130b-3p- transfectants had less capacity for angiogenesis ([Figure S2](#SM0){ref-type="supplementary-material"}). In summary, these findings suggest that miR-130b-3p could enhance the pro-angiogenesis capacity of HCC cells *in vitro*.

To further assess the *in vivo* effects of miR-130b-3p overexpression on angiogenesis, miR-130b-3p-BEL-7402 cells and control cells were subcutaneously implanted into nude mice. At 9 days post injection, the mean volumes of xenograft tumors generated from the miR-130b-3p-BEL-7402 cells were markedly larger than those originating from the control cells (n = 8 animals per group, p \< 0.01) (Figure [2](#F2){ref-type="fig"}F, left panel). At 30 days post injection, the mice were sacrificed and the tumors were weighted. The mean tumor weight of the miR-130b-3p-BEL-7402 group was greater than the control group (p = 0.017) (Figure [2](#F2){ref-type="fig"}F, right panel).

Next, the microvessel density of the tumors was analyzed by immunohistochemical staining using CD31 and CD34 antibodies. Both of them showed a significant increase of microvessel density in tumors with miR-130b-3p overexpressed as compared to the controls (p \< 0.001). Besides, the expression of VEGF was also found to be upregulated in miR-130b-3p overexpressed tumors. These results clearly showed that miR-130b-3p was involved in promoting tumor angiogenesis in HCC (Figure [2](#F2){ref-type="fig"}G-H).

HOXA5 is a direct target gene of miR-130b-3p
--------------------------------------------

The potential targets of miR-130b-3p were predicted by the following five bioinformatics algorithms, targetScan, picTar, RNA22, PITA and miRanda. The intersections were retrieved by starbase V2.0 [@B26] and thirty-one genes were found to be potential targets ([Table S6](#SM0){ref-type="supplementary-material"}). The top 5 genes, JARID2, DCBLD2, E2F7, HOXA5, and PHF3, were screened by qRT-PCR. Among them, HOXA5 was found to be the most significantly downregulated target in HCC cells transfected with miR-130b-3p ([Figure S3](#SM0){ref-type="supplementary-material"}). As transcription factors encoded by the homeobox genes have a pivotal role in governing the process of tumor angiogenesis, we decided to explore the function of HOXA5.

Two conserved binding sites for miR-130b-3p were identified in 3\'UTR region of the HOXA5 gene. To elucidate whether HOXA5 was directly regulated by miR-130b-3p, we constructed a luciferase reporter plasmid containing the 3\'UTR of HOXA5. As shown in Figure [3](#F3){ref-type="fig"}B, the relative luciferase activity of the reporter containing the wild-type 3\'UTR was significantly decreased when co-transfected with miR-130b-3p mimics. On the contrary, the luciferase activity of the mutant-type 3\'UTR was similar between the miR-130b-3p mimics and control mimics. As shown in Figure [3](#F3){ref-type="fig"}C, the protein expression of HOXA5 was significantly decreased after the overexpression of miR-130b-3p. These indicated that HOXA5 was directly regulated by miR-130b-3p.

To explore the correlation between miR-130b-3p and HOXA5, the expression of miR-130b-3p and HOXA5 in HCC tissues were detected by qRT-PCR and immunohistochemistry, respectively. After normalization, the expression of miR-130b-3p and HOXA5 were analyzed by Pearson\'s correlation coefficient analysis. Interestingly, the HOXA5 protein level was inversely correlated with miR-130b-3p expression level (Figure [3](#F3){ref-type="fig"}D). This implied that endogenous HOXA5 in HCC were negatively regulated by miR-130b-3p.

Furthermore, we evaluated the role of HOXA5 in miR-130b-3p-mediated phenotypes. We found that the overexpression of HOXA5 in miR-130b-3p-transfectants attenuated the pro-angiogenic effect of miR-130b-3p (Figure [3](#F3){ref-type="fig"}E). These data suggested that HOXA5 acted as a direct functional target gene of miR-130b-3p.

Down-regulation of HOXA5 promotes tumorigenicity and angiogenesis in HCC
------------------------------------------------------------------------

To explore the anti-oncogenic role of HOXA5 in HCC, two shRNAs (shHOXA5 \#33 and shHOXA5 \#34) specially targeting HOXA5 were transfected into Huh7 and MHCC-97H, respectively. The silencing effect was validated by western blotting analysis, and the results revealed that both shRNAs could specifically down-regulate the expression of HOXA5 (Figure [4](#F4){ref-type="fig"}A). Since VEGF is a pivotal activator of angiogenesis-related pathways, we examined the VEGF level in the TCM. ELISA assay revealed that the VEGF levels were significantly higher in the shHOXA5 groups (Figure [4](#F4){ref-type="fig"}B). To explore the biological significance of HOXA5 in tumor angiogenesis, *in vitro* tube formation assays were performed. TCMs from tumor cells were supplied to the culture medium for HUVECs. We observed that the HUVECs treated with TCM derived from the shHOXA5-transfectants developed more capillary-like structures compared to cells treated with TCM derived from scramble shRNAs-transfectants (Figure [4](#F4){ref-type="fig"}C). In addition the TCM from shHOXA5-transfectants significantly promoted the proliferation and migration of HUVECs, compared to the corresponding controls (Figure [4](#F4){ref-type="fig"}D-E). Moreover, the angiogenesis-related genes were upregulated in HCC cells transfected with shHOXA5 ([Figure S4](#SM0){ref-type="supplementary-material"}E-F). However, the ectopic expression of HOXA5 had little impact on tumor angiogenesis ([Figure S4](#SM0){ref-type="supplementary-material"}C-D, and [Figure S5](#SM0){ref-type="supplementary-material"}).

To further verify the *in vivo* anti-oncogenic role of HOXA5, we conducted subcutaneous injection of HCC cells into nude mice, which were then sacrificed after four weeks for collecting the tumoral tissues. As shown in Figure [5](#F5){ref-type="fig"}A-C, both the tumor size and weight were significantly higher in the Huh7-shHOXA5 group than in Huh7-shCtrl group. IHC staining of the tumoral tissues showed markedly lower HOXA5 level and higher CD31, CD34 and VEGF levels in the Huh7-shHOXA5 group than in the Huh7-shCtrl group (Figure [5](#F5){ref-type="fig"}D-E). Collectively, these data proved that HOXA5 may suppress angiogenesis in HCC.

Down-regulation of HOXA5 predicts poor prognosis and negatively correlates with angiogenesis markers
----------------------------------------------------------------------------------------------------

The protein level of HOXA5 in 449 human HCC samples and matched adjacent nontumor liver tissues were detected by immunohistochemistry (IHC). The results revealed that HOXA5 was significantly down-regulated in HCC tissues (Figure [6](#F6){ref-type="fig"}A-B). Clinicopathological analyses revealed that HOXA5 was negatively correlated with tumor size and AFP ([Table S3](#SM0){ref-type="supplementary-material"}). Further survival analysis showed that the low HOXA5 group had shorter overall survival and recurrence-free survival than the high HOXA5 group (Figure [6](#F6){ref-type="fig"}C). Besides, the prognostic value of HOXA5 in HCC was also confirmed in the GEO data set ([Figure S6](#SM0){ref-type="supplementary-material"}A-B). Multivariate Cox regression analysis further demonstrated that low HOXA5 expression was an independent predictive indicator for overall survival (hazard ratio \[HR\] 1.758, 95% confidence interval \[CI\], 1.295-2.386; p \< 0.001) and recurrence-free survival (hazard ratio \[HR\] 1.625, 95% confidence interval \[CI\], 1.239-2.132; p \< 0.001) in HCC ([Table S4](#SM0){ref-type="supplementary-material"}). Moreover, the expression levels of CD31 and CD34 in tumor specimens from 314 HCC patients were also detected by IHC staining, to investigate the correlation between HOXA5 and MVD. These patients were divided into two groups, namely the HOXA5_high group (n = 170) and the HOXA5_low group (n = 144) based on the HOXA5 expression.

We found that the rate of strong CD31 staining was higher in the HOXA5_low group, compared to that in the HOXA5_high group (82/144, 56.9% vs. 70/170, 41.2%, p \< 0.05) (Figure [6](#F6){ref-type="fig"}E, left panel). Consistently, the rate of strong CD34 staining was also higher in the HOXA5_low group (84/144, 58.3%) than in the HOXA5_high group (61/170, 35.9%, p \< 0.001) (Figure [6](#F6){ref-type="fig"}E, right panel). We also found significant negative correlations between HOXA5 and CD31 (*R* = -0.25, p \< 0.001), as well as CD34 in HCC tissues (*R* = -0.31, p \< 0.001) (Figure [6](#F6){ref-type="fig"}F). Consistently, the correlations between HOXA5 and CD31/CD34 were also validated in the GEO data set ([Figure S6](#SM0){ref-type="supplementary-material"}C-D).

Sp1 regulates miR-130b-3p expression through miR-130b-3p promoter binding
-------------------------------------------------------------------------

To determine the mechanism of miR-130b-3p up-regulation in HCC, the AliBaba2.1 (<http://www.gene-regulation.com/pub/programs/alibaba2/>) software was used to search for predicted transcription binding sites. Sixty three transcription factors which may bind to the promoter of miR-130b-3p were predicted ([Table S7](#SM0){ref-type="supplementary-material"}). The top 3 transcription factors, which had the most potential binding sites, were Sp1 (97 sites), C/EBPalpha (11 sites) and NF-1 (10 sites). A previous study reported that Sp1 may bind to the putative miR-130b-3p promoter sequence, as predicted by TSSG promoter prediction program [@B27]. Moreover, since Sp1 is considered as a basal transcription factor and regulates angiogenesis in multiple tumors [@B28]-[@B30], we thereby chose Sp1 for further analysis.

The miR-130b-3p upstream region (-1 to -2000kb) was analyzed by JASPAR (http:// <http://jaspar.genereg.net/>), and six binding sites of Sp1 were predicted in the putative promoter region (Figure [7](#F7){ref-type="fig"}A), using a cut-off score of 10 and a relative profile score threshold of 80% ([Table S8](#SM0){ref-type="supplementary-material"}). We used RNA interference to silence the Sp1 expression (Figure [7](#F7){ref-type="fig"}H). Our findings showed that silencing Sp1 resulted in a significant decrease in the promoter activity of p-(-2.0k) (Figure [7](#F7){ref-type="fig"}B) as well as the endogenous miR-130b-3p level (Figure [7](#F7){ref-type="fig"}C). To further confirm the functional Sp1 binding sites within the putative promoter region, a 5\' deletion analysis was conducted (Figure [7](#F7){ref-type="fig"}A). Compared with the promoter activity of p-(-2.0k), no significant change in p-(-0.7k), p-(-0.5k) or p-(-0.3k) was detected and a remarkably decreased activity in the promoter activity of p-(-0.1k) was observed (Figure [7](#F7){ref-type="fig"}D). These results indicated that the -0.3 to -0.1kb region was crucial for miR-130b-3p transcription. Between the -0.3 to -0.1kb region, there was only one Sp1 potential binding site (Figure [7](#F7){ref-type="fig"}A). Sp1 silencing dramatically reduced the activity of p-(-0.3k) (Figure [7](#F7){ref-type="fig"}E) but had no effect on that of p-del without Sp1 binding site within the -0.3 to -0.1kb region (Figure [7](#F7){ref-type="fig"}F).

In addition, ectopic expression of Sp1 did not change the promoter activity of p-(-2.0 k) ([Figure S7](#SM0){ref-type="supplementary-material"}B). Silencing of Sp1 expression reduced the promoter activity of p-(ΔA) and p-(ΔB) ([Figure S7](#SM0){ref-type="supplementary-material"}C-D). To determine whether Sp1 bounded directly to the miR-130b-3p promoter, we performed chromatin immunoprecipitation (ChIP) assay with anti-Sp1 antibody, and the result demonstrated an interaction between Sp1 and the miR-130b-3p promoter (Figure [7](#F7){ref-type="fig"}G). Furthermore, the expression of Sp1 was found to be positively correlated with miR-130b-3p in HCC specimens (Figure [7](#F7){ref-type="fig"}I). These data collectively demonstrated that Sp1 transcriptionally regulated miR-130b-3p expression in HCC cells.

Down-regulation of HOXA5 promotes angiogenesis in HCC via the PI3K/AKT/mTOR signaling pathway
---------------------------------------------------------------------------------------------

To further explore the molecular mechanism of the anti-angiogenesis function of HOXA5, transcriptome profiling by RNA-Seq was performed. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis showed that the PI3K/AKT/mTOR signaling pathway was significantly altered upon knocking-down HOXA5 (Figure [8](#F8){ref-type="fig"}A). Furthermore, the phosphorylation of the mammal target of rapamycin (mTOR) and other proteins, such as protein kinase B (AKT) and p70 S6 kinase, involved in the PI3K/AKT/mTOR signaling pathway were upregulated in cells transfected with shHOXA5 (Figure [8](#F8){ref-type="fig"}B). Additionally, HOXA5 has been reported to be involved in several pathways, including NF-kb, P53, STAT3 and MMP2. However, no positive relationship between HOXA5 and the above reported pathways were detected in this present study ([Figure S8](#SM0){ref-type="supplementary-material"}).

Discussion
==========

HOXA5 has been reported to be deregulated in several malignant tumors, including colorectal cancer, lung cancer, cervical cancer, and gastric cancer [@B31]-[@B35]. However, the biological role and underlying mechanism of HOXA5 in HCC are still unclear. In the present study, we investigated the biological function and molecular mechanism of HOXA5 in HCC. Our results demonstrated that HOXA5 was down-regulated in HCC tissues and its expression was closely correlated with tumor size. Survival analyses indicated that a low HOXA5 expression predicted unfavorable OS and high recurrence probability in HCC patients. Functional experiments showed that HOXA5 significantly suppressed HCC angiogenesis.

As a member of the HOX family, HOXA5 plays an important role in tumor development and progression. Previous studies indicated that HOXA5 could up-regulated linc00312 expression, and inhibit proliferation and promote apoptosis in non-small cell lung cancer [@B34]. HOXA5 has also been reported to be down-regulated by miR-429, and promote colorectal cancer progression and metastasis [@B35]. Moreover, HOXA5 was observed to inhibit proliferation and induce apoptosis in cervical cancer cells via regulation of protein kinase B and p27 [@B32]. In this present study, we attempted to investigate the biological function and molecular mechanism of HOXA5 in HCC progression. Our results demonstrated that HOXA5 was down-regulated in HCC tissues and its expression closely correlated with tumor size. Survival analyses indicated that a low HOXA5 expression predicted unfavorable OS and high recurrence probability in HCC patients. It is worth noting that previous studies considered HOXA5 as a tumor-suppressor mainly due to its capacity to inhibit tumor proliferation and metastasis but not angiogenesis. The hypervascular nature underlines the importance of angiogenesis in most HCC tumors [@B36].Based on our research, we may be the first to discover that both the *in vitro* and *in vivo* down-regulation of HOXA5 promoted angiogenesis, and HOXA5 was regulated by the Sp1/miR-130b-3p axis and inhibited angiogenesis in HCC via the PI3K/AKT/mTOR signaling pathway.

According to the in silico target prediction algorithms, miR-130b-3p has a complementary binding sequence in the 3\'-UTR of HOXA5 mRNA. Previous studies have shown that the miR-130b-3p expression was significantly upregulated in HCC and it emerged as an oncogene [@B37], [@B38]. However, a recent report demonstrated that miR-130b-3p inhibited, rather than promoted, cell motility in hepatoma cell lines and may function as a tumor suppressor [@B39]. In this current study, we found that miR-130b-3p promoted angiogenesis in HCC by directly targeting HOXA5. In addition, high miR-130b-3p expression levels were significantly associated with aggressive characteristics and poor prognosis in HCC patients. Based on the previous works from other groups and this study findings, we confirmed miR-130b-3p as an oncogene in HCC.

Sp1 is considered as a basal transcription factor and has been found to regulate angiogenesis in multiple tumors. Chen et al reported that JWA suppresses tumor angiogenesis in gastric cancer by inhibiting Sp1 activity and downregulating the proangiogenic MMP-2 expression [@B40]. However, the specific role of Sp1 in HCC angiogenesis has not been clarified. Here, we demonstrated that Sp1 regulated HCC angiogenesis by transcriptional activation of miR-130b-3p based on the following evidences. First, the knockdown of Sp1 dramatically decreased the miR-130b-3p promoter activity and the cellular miR-130b-3p expression. Second, mutation of the potential Sp1 binding site significantly reduced the miR-130b-3p promoter activity. Third, ChIP assays revealed that Sp1 interacted with the miR-130b-3p promoter sequence *in vivo*.

The PI3K/AKT/mTOR pathway is activated in majority of human cancers and plays a key role in tumor angiogenesis [@B41], [@B42]. Although anti-angiogenesis drugs such as sorafenib and regorafenib, have been approved for advanced HCC, the prognoses of these patients are still unsatisfactory. It implies that the molecular mechanism of abnormal hypervascular in HCC needs to be more intensely investigated. Although our present study indicated that the down-regulation of HOXA5 activated the PI3K/AKT/mTOR pathway, however, the detail mechanism of how HOXA5 regulates the PI3K/AKT/mTOR pathway needs to be further clarified.

Conclusions
===========

In summary, we demonstrated that miR-130b-3p was frequently up-regulated in HCC and was correlated with poor prognosis. HOXA5 was identified as a direct target of miR-130b-3p. Furthermore, we demonstrated that the down-regulation of HOXA5 played a crucial role in angiogenesis for HCC. In addition, miR-130b-3p was found to be transcriptionally regulated by Sp1. Our findings highlight the importance of Sp1/miR-130b-3p/HOXA5 axis in tumor angiogenesis and recurrence, and implicate HOXA5 as a potential target for HCC treatment.

Supplementary Material {#SM0}
======================

###### 

Supplementary methods, figures, and tables.

###### 

Click here for additional data file.

This work was supported by grants from the National Natural Science Foundation of China (Nos. 81101863, 81772598 and 81772625), the Guangdong Provincial Natural Science Foundation of China (No. 2017A030311006), the Guangzhou Science and Technology Program of China (No. 201804020093), and the Sun Yat-sen University Clinical Research 5010 Program (No. 2012010). We thank Shi-Mei Zhuang, Mu-Yan Cai and Li-sheng Zheng for revising this manuscript.

Author Contributions
====================

Y.-D.L and C.-W.W performed experiments, analyzed the data and wrote the manuscript. Z.-W.Y, W.-W.L, D.-L.Z and Y.-C.Y assisted with the immunohistochemistry assays and animal experiments. K.L., Y.-P.Z, Y.-J.W, Y.-X.S, Y.-X.Q, J.-L.Q and W.H collected the clinical samples. Y.-F.Y, X.-Y.G and B.-K.L designed the study and revised the manuscript.

CAM

:   Chicken chorioallantoic membrane

ChIP

:   Chromatin immunoprecipitation

Ct

:   cycle threshold

DMEM

:   Dulbecco\'s Modified Eagle Medium

FBS

:   fetal bovine serum

HCC

:   hepatocellular carcinoma

HUVEC

:   Human umbilical vein endothelial cell

IHC

:   immunohistochemistry

miRNA

:   microRNA

mTOR

:   mammal target of rapamycin

PBS

:   phosphate -buffered saline

qRT-PCR

:   Real-time quantitative polymerase chain reaction

SFM

:   serum free medium

siRNA

:   small interference RNA

TCM

:   tumor cell-conditioned medium

![miR-130b-3p is upregulated in HCC and predicts poor prognosis. (A) The expression of miR-130b-3p in HCC is markedly upregulated, compared with adjacent non-tumor liver tissues. (B) The expression of miR-130b-3p is higher in tumor samples of recurrent HCC patients. (C) The Kaplan-Meier method reveals that higher miR-130b-3p level is associated with shorter overall survival of HCC patients. (D) The Kaplan-Meier method reveals that higher miR-130b-3p level is associated with shorter recurrence-free survival of HCC patients. (E) Kaplan-Meier analyses of the correlation between miR-130b-3p levels and the overall survival in the TCGA HCC cohort. (F) Kaplan-Meier analyses of the correlation between miR-130b-3p levels and the overall survival in GEO database (GSE116182).](thnov10p5209g001){#F1}

![miR-130b-3p promotes tumor angiogenesis *in vitro* and *in vivo*. (A) TCM from miR-130b-3p transfected HCC cells induced tube formation of HUVECs. Representative images of capillary-like structures and the number of branch points of HUVECs are shown. (B) Effect of miR-130b-3p on vascularization in the CAM angiogenesis model. Filter discs soaked with TCM were loaded on the CAMs of Day 8 chick embryos. After incubation for 5 days, the area under and surround the filter was fixed and photographed. Representative images of neovascularization and the number of new blood vessels are shown. (C) HUVECs proliferation was promoted by the TCM from miR-130b-3p transfected HCC cells. HUVEC cells were seeded on 6-well plate with a density of 3 × 10^5^ cells per well and were cultured with SFM supplemented with 20% FBS and 0.3% EGF for 6 hours and shifted to TCM from indicated cells and cultured for additional 24 h. The number of HUVEC cells was counted using the ScepterTM Handheld Automated Cell Counter. Results were based on six independent experiments. (D) The mRNA level of angiogenesis relevant genes was upregulated by miR-130b-3p. The expression of MMP9, FGF2, VEGFA, VEGFC, PDGFA, PDGFC in Huh7 cells transfected with miR-130b-3p or vector were determined by qRT-PCR. Results were based on at least three independent experiments. Data are presented as their mean ± SD. (E) miR-130b-3p overexpressed and control BEL-7402 cells were subcutaneously injected into nude mice (n = 8). The nude mice were sacrificed on day 30 after inoculation and the tumor were harvested. (F) The tumor weight on day-30 after inoculation are presented (left). The tumor growth curve was measured every 3 days for 30 days after inoculation. The mean tumor volume was significantly increased in the miR-130b-3p overexpression group (right). (G) Representive immunohistochemical images of endothelial markers CD31, CD34 and VEGF on serial sections of tumor samples are shown. Scale bar, 100 µm. (H) The staining intensity of CD31, CD34, and VEGF from tumor samples are shown. Data are presented as their mean ± SD. Statistical analysis was performed using the Student\'s t-test. \* p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.](thnov10p5209g002){#F2}

![HOXA5 is a direct target of miR-130b-3p. (A) Luciferase reporter plasmids were inserted with wild-type or mutant HOXA5 3\'-UTR immediately downstream of the luciferase gene. The sequences of two predicted miR-130b-3p binding sites within the HOXA5 3\'-UTR, including wild-types and mutants (underlined) are shown. (B) Relative luciferase activity was analyzed in HEK-293T cells transfected with indicated reporter plasmids and miR-130b-3p mimic or control. (C) miR-130b-3p overexpression downregulated endogenous HOXA5 protein level in Huh7 and BEL-7402 cells. (D) HOXA5 protein level negatively correlated with miR-130b-3p in HCC. Left, representative immunohistochemical images of HOXA5 in HCC are shown (magnification ×200). Right, the correlation between miR-130b-3p and HOXA5 protein level in HCC tissues are shown (n = 20). miR-130b-3p was detected by qRT-PCR and normalized to U6 expression. Statistical analysis was performed using the Spearman\'s correlation coefficient. (E) HOXA5 partially impaired the miR-130b-3p induced angiogenesis phenotype. HCC cells were co-transfected with miR-130b-3p mimic or control mimic and pEZ-HOXA5 or vector and the TCMs were collected 24 h after transfection. HUVECs were seeded above the Matrigel basement membrane matrix (growth factor reduced) and cultured with TCM for 8 h. Representative images of capillary-like structures (Left) are shown. Quantification of tube formation (Right) was performed basing on the number of branches. Results were based on at least three independent experiments.Data are presented as their mean ± SD. Statistical significance was determined by Student\'s t-test. \* p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.](thnov10p5209g003){#F3}

![The down-regulation of HOXA5 promotes angiogenesis in HCC *in vitro*. (A) The knockdown efficiency of shHOXA5 in HCC cells by Western Blot (Huh7 and MHCC-97H). (B) The down-regulation of HOXA5 increased the levels of secreted VEGF in HCC cells. VEGF was measured by ELISA in the supernatants of indicated HCC cells. (C) The down-regulation of HOXA5 enhanced HCC cell-induced tube formation of HUVECs. HUVECs were cultured in the presence of 75% TCM from Huh7 or MHCC-97H cells transfected with indicated plasmids. Representative images of tube formation and the number of branch points of HUVECs are presented. (D) Endothelial recruitment assay revealed an enhanced effect of HOXA5 down-regulation on HCC cell-induced HUVECs migration. HUVECs were seeded in the upper transwell chambers with TCM in the lower compartments and incubated for 12 h. (E) The down-regulation of HOXA5 promoted HCC cell-induced HUVECs proliferation. HUVECs were grown in complete medium for 12 h at 37 °C in a 96-well plate and then replace the complete medium with TCM and cultured for an indicated period of time. Cell viability was measured using the Cell Counting Kit-8 (CCK-8) assay kit (Dojindo Corp.) according to the manufacturer\'s instructions. Three independent experiments were performed. \*p \< 0.05; \*\*p \< 0.01.](thnov10p5209g004){#F4}

![The down-regulation of HOXA5 promotes HCC tumorigenicity and angiogenesis *in vivo*. (A) HOXA5 down-regulation promoted the growth of Huh7 xenograft tumors. HOXA5 down-regulated and control Huh7 cells were subcutaneously injected into nude mice (n = 8). The nude mice were sacrificed on day-28 after inoculation and the tumor were harvested. (B) The tumor weight on day-28 after inoculation are presented. (C) The tumor growth curve was measured every week after inoculation. The mean tumor volume was significantly increased in the HOXA5-downregulated group. (D) HOXA5 down-regulation elevated the expression of angiogenesis markers. Immunohistochemical expression of angiogenesis markers CD31, CD34 and VEGF were detected on serial sections of tumor samples. Scale bar, 100 µm (100x), 25 µm (400x). (E) The staining intensity of CD31, CD34, and VEGF from tumor samples were shown.Data are presented as their mean ± SD. Statistical analysis was performed with Student\'s t-test. \*p \< 0.05; \*\*\*p \< 0.001.](thnov10p5209g005){#F5}

![The down-regulation of HOXA5 predicts poor prognosis and negatively correlates with angiogenesis in HCC. (A) Representative IHC staining images of HOXA5 in HCC and adjacent non-tumor liver tissues. Scale bar, 500 μm. (B) HOXA5 expression was significantly decreased in HCC tissues. Quantification of HOXA5 levels according to IHC scores. (C) Kaplan-Meier plot revealed shorter overall and recurrence-free survival in the lower HOXA5 group. Based on the minimum *p*-value approach, the 49th percentile of the HOXA5 level in 449 HCC tissues was chosen as the cut-off value for dividing the HOXA5-low level group (n = 220) from the HOXA5-high level group (n = 229). (D) (E) and (F) HOXA5 was negatively correlated with angiogenesis markers CD31, CD34 in HCC. (D) Representative staining images of HOXA5 and CD31, CD34 are shown. (E) The expression of CD31 and CD34 in HOXA5-low and HOXA5-high group, respectively. The median IHC scores were chosen as the cut-off value for separating the low and high groups (n = 314). (F) Correlations between HOXA5 and CD31, CD34 in HCC were assessed using the Pearson correlation and linear regression analytics (n = 314). \* p \< 0.05, \*\*\* p \< 0.001.](thnov10p5209g006){#F6}

![Sp1 is essential for miR-130b-3p transcription. (A) Schematic diagram of firefly luciferase reporter constructs containing the indicated genomic segments upstream of miR-130b-3p gene. Putative Sp1 binding sites are depicted as short vertical lines. Deletion of the Sp1 binding site is depicted as triangle (Δ). (B) Silencing of Sp1 decreased the miR-130b-3p promoter activity. HCC cells were reversely transfected with NC or siSp1 for 24 h, followed by transfection with p-(-2.0 k) for another 48 h before luciferase activity analysis. (C) Silencing of Sp1 reduced miR-130b-3p level. The indicated HCC cells were transfected with NC or siSp1 for 48 h before qRT-PCR analysis. (D) Effect of fragment deletions on miR-130b-3p promoter activity. Huh7 cells were transfected with the indicated luciferase reporter for 48 h before luciferase activity analysis. The mean value of pEZX-PG04.1-transfectant from multiple independent experiments was set as control. (E) Silencing of Sp1 reduced the promoter activity of p-(-0.3 k). (F) Silencing of Sp1 did not change the activity of p-del. In (E) and (F), Huh7 cells were reversely transfected with negative control (NC) or siSp1 duplex for 24 h and then transfected with the indicated luciferase reporter for another 48 h. The mean value of NC-transfectant from multiple independent experiments was set as control. (G) Sp1 interacted with the miR-130b-3p promoter in HCC cells. Scheme of the amplicon is shown on top. The putative Sp1 binding site located at the -0.3 to -0.1-kb region is illustrated as a black diamond. The solid arrows represent primers used for semi-quantitive PCR. ChIP assays detected a specific band of the expected size in the input DNA and the Sp1 antibody (Anti-Sp1)-precipitated DNA. Genomic region upstream of GAPDH was used as a negative control. (H) Certification of knockdown efficiency of siSp1 in HCC cells (Huh7 and MHCC-97H). (I) The mRNA level of Sp1 positively correlated with miR-130b-3p in HCC specimens (n = 62). Sp1 and miR-130b-3p was detected by qRT-PCR, and normalized to actin and U6, respectively. Statistical analysis was performed using Pearson correlation coefficient. ns, not significant; \* p \< 0.05; \*\* p \< 0.01; \*\*\* p \< 0.001.](thnov10p5209g007){#F7}

![The down-regulation of HOXA5 in HCC activates the PI3K/AKT/mTOR signaling pathway. (A) Top 20 statistics of KEGG pathway enrichment based on the differentially expressed genes (DEGs) after HOXA5 knockdown in Huh7 cells. In the scatter plot, RichFactor was the ratio of DEG numbers noted in this pathway term, to all gene numbers noted in this pathway term, indicating intensiveness. P value ranges from 0 to 1, and a lower P-value represents greater intensity. The PI3K/AKT/mTOR signaling pathway was one of the most regulated biofunctions upon HOXA5 knockdown. (B) The down-regulation of HOXA5 increased the phosphorylation of the PI3K/AKT/mTOR signaling pathway-related proteins. (C) Schematic regulatory network of the Sp1/miR-130b-3p/HOXA5 axis that regulates angiogenesis in HCC.](thnov10p5209g008){#F8}
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